The topography and specificity of B-and T-cell stimulatory epitopes from the 19-kDa protein of Mycobacterium tuberculosis were investigated by using overlapping synthetic peptides. Murine antisera identified two cryptic epitopes (residues 11 to 30 and 61 to 80) and one species-specific immunodominant epitope (residues 140 to 159). Immunoglobulins GI and G2a antibody isotypes varied for the respective peptide immunogens but without relationship to the T-cell cytokine profiles which were characterized by high gamma interferon and low interleukin 5 levels. Antisera to recombinant M. tuberculosis 19-kDa protein (rGST-19) cross-reacted with homologous proteins of similar size from organisms of the Mycobacterium aviumintracellulare complex. Two-dimensional gel electrophoresis revealed differences in the number, relative mobility, and charge of isoforms of the 19-kDa protein, possibly reflecting posttranslational modifications. The immunodominant T-cell epitope from the M. tuberculosis 19-kDa protein (residues 61 to 80) and the corresponding peptide sequence from Mycobacterium avium subsp. intracellare (residues 64 to 83), differing at five residues, were both recognized in a genetically permissive manner. Peptides 61-80 and 64-83 stimulated cross-reactive responses in BALB/c (H1-2d) mice, while in the C57BL/10 (H-2b) strain, responses to peptide 61-80 were species specific. In purified protein derivative-positive healthy individuals, the M. avium subsp. intracellulare peptide stimulated stronger responses than did the M. tuberculosis peptide, whereas patients with active tuberculosis had enhanced in vitro T-cell responses to both peptides.
(hla), suggesting that this antigen may be present in a range of mycobacterial species.
To date, no significant sequence homology has been detected between the mycobacterial 19-kDa proteins and sequences found in the protein data base, and the biological function of the molecule remains unknown. The presence of highly conserved six-residue consensus sequences for lipidation (M. tuberculosis, 19-LSGCSS-24; M. avium subsp. intracellulare, 19-ISGCSG-24) located immediately adjacent to the * Corresponding author. Phone: 081-740 3161. Fax: 081-743 8536. hydrophobic signal peptide, together with more direct biochemical evidence (29, 40) , strongly suggests that the 19-kDa protein undergoes posttranslational acylation and subsequent cleavage of the hydrophobic signal peptide prior to secretion of the mature lipoprotein across the cell membrane. The 19-kDa protein also possesses concanavalin A binding properties either when produced in its natural host (15) or when expressed as a recombinant protein in Mycobacterium smegmatis (18) , indicating that the molecule is probably glycosylated. Although the complete 19-kDa gene product has been overexpressed as a recombinant fusion protein in Escherichia coli (21b) and also in the rapidly growing species M. smegmatis (18) , it has proven difficult to purify the protein in quantities sufficient for immunological evaluation because of its hydrophobicity.
The secreted nature of the 19-kDa antigen (15) may contribute to its serological immunodominance by enhancing its accessibility in a native form for B-cell recognition. The monoclonal antibodies (MAbs) TB-23 (IT-19) and F29-47 (IT-10), originally used to identify the M. tuberculosis 19-kDa protein (13, 22) , recognize serologically distinct B-cell epitopes (4) . Whereas TB-23 recognizes a conformational epitope which is dependent upon intramolecular disulfide bonding, the epitope recognized by F29-47 is thought to be linear in nature (4) . Following either immunization or tuberculous infection of different inbred strains of mice, levels of antibody to the 19-kDa protein are influenced by H-2 genes (7, 23, 39) . Serological studies in humans indicated that antibodies to non-TB-23 epitopes of the 19-kDa protein were produced in less severe forms of tuberculosis and that titers of antibody to the 19-kDa protein were sufficiently discriminating, when smear-negative pulmonary tuberculosis and healthy contacts were compared, to permit successful diagnosis in about 40% of cases (24) . However, this is not applicable in countries where tuberculosis is endemic, where titers of antibody to the 19-kDa antigen were found to be significantly elevated in healthy subjects, possibly reflecting increased exposure to environmental mycobacteria or the higher incidence of self-healing tuberculosis (6) .
Cell-mediated immune responses to the M. tuberculosis 19-kDa protein have been studied with mice (2, 21a, 21b), guinea pigs (26) , and humans (14, 21a, 25, 32, 36, 37) , and a number of T-cell epitopes have been mapped in detail with overlapping synthetic peptides. Analysis of peptide immunogenicity in different inbred strains of mice has revealed at least six distinct T-cell epitopes, four of which are recognized in a cryptic manner. In contrast, T-cell specificity following processing and presentation of the intact recombinant protein is focused on two adjacent epitope cores spanning residues 54 to 61 and 71 to 78 (21a, 21b) . Significantly, these immunodominant epitopes are recognized in a genetically permissive manner in both mice and humans. In human populations, a considerably larger number of potential epitopes have been identified with polyclonal T cells, with frequent and strong responses to epitopes within the amino-terminal peptides (1-20 and 11-30) being observed (14, 25, 32, 37) .
In view of the prevalence of nontuberculous mycobacterial infections, the requirement for molecularly defined alternatives to purified protein derivative (PPD) for the diagnosis of mycobacterial infections has become a priority. One of the main aspects in producing improved reagents for diagnosis is the identification of species-specific B-and T-cell epitopes which are immunogenic in a high percentage of the population. Although homologous 19-kDa proteins have been identified in various mycobacterial species, delayed-type hypersensitivity studies with guinea pigs indicate the existence of speciesspecific epitopes (26) .
In this study, we have undertaken a comprehensive analysis of linear B-cell epitopes of the M. tuberculosis 19-kDa protein with synthetic peptides and also studied the isoforms of homologous 19-kDa proteins from different mycobacterial species by two-dimensional gel electrophoresis. Finally, the T-cell immune recognition of an immunodominant peptide epitope from the M. tuberculosis United Kingdom). After a further 6 to 8 h, each well was harvested onto glass-fiber filter paper and radioactive incorporation was determined by liquid scintillation counting. Standard error of the mean for triplicate microcultures was usually <10%.
Nineteen-kilodalton protein-specific T-cell line. The generation and specificity of the CD4+ murine T-cell line specific for recombinant M. tuberculosis 19-kDa antigen (rGST-19) have been described in detail elsewhere (18) .
Cytokine assays. For analysis of gamma interferon (IFN--y) and interleukin 5 (IL-5) production, peptide-or PBS-primed lymph node cells were cultured in 24-well plates (4 x 106 cells per well) containing antigen (0 to 50 ,ug/ml) and supernatant samples were removed after 24 or 48 h. IFN-y was measured by sandwich ELISA, by using the anti-murine IFN-y MAb R46A2 to coat ELISA plates and a rabbit polyclonal antimurine IFN-y to detect (28) . The assay was developed with a goat anti-rabbit peroxidase conjugate (Sigma) followed by a TMB (tetramethyl benzidine tetrahydrochloride) substrate. Amounts of IFN--y in test supernatants were quantified by reference to a recombinant IFN--y standard (Genzyme) and are expressed in units per milliliter. IL-5 was measured by sandwich ELISA with a pair of affinity-purified rat anti-murine IL-5 MAbs (TRFK4 and TRKF5) (33 (Fig. 1) . The highest antibody titer was induced by p15 (ABT30 x 10-3 = 62), followed by p7 (27.8 ) and p2 (6.8) . Titers of antibody to all other peptides were <0.1, and none of the 15 peptides was recognized by normal mouse serum. To define the B-cell epitopes within p2, p7, and p15 more precisely, antisera were tested for their ability to recognize adjacent peptides. Anti-p2 serum failed to recognize either pl (residues 1 to 20) or p3 (residues 21 to 40); consequently, the core B-cell epitope within p2 could be located between residues 15 and 25. However, anti-p7 and anti-p15 serum did react weakly (ABT30, <103) with the adjacent peptides p8 (residues 71 to 91) and p14 (residues 131 to 150), indicating that the core B-cell epitopes within p7 and p15 were probably localized between residues 70 and 80 and 140 and 150, respectively.
Immunodominance and mycobacterial specificity of the p15 epitope. The MAb F29-47 recognized a single band (molecular mass, -45 kDa) in the recombinant GST-19 fusion protein ( Fig. 2A, lane 2) and a doublet (molecular mass, -19 to 21 kDa) in the native protein ( Fig. 2A, lane 1 ). An identical pattern of antibody recognition was also seen with the anti-p1S serum (Fig. 2B, lanes 1 and 2) . With the exception of anti-p2 serum, which was weakly positive, all other antipeptide sera, including anti-p7, were consistently negative for binding to the native or recombinant 19-kDa protein by Western blotting (Fig. 2B, lane 3) . High-titer antibody binding to purified recombinant 19-kDa protein (19-kDa-PC-2) by ELISA was also demonstrated only with anti-p15 serum (Fig. 2C) . Given the high degree of sequence homology among the mycobacterial 19-kDa proteins (see Fig. 5 ), it was of interest to determine whether the epitope recognized by anti-p1S serum was M. C57BL/10, B1O.BR, and BlO.D2 strains of mice showed significant binding to peptides p5 (residues 41 to 60) and p15 (residues 140 to 159). Titers of antibody to p5 and p15 were not significantly different in the three strains of mice, and results for C57BL/10 mice only are shown in Table 1 . Neither peptide p2 nor p7, both of which induced antibody responses (Fig. 1) , was recognized by anti-rGST-19 sera. Moreover, antisera from C57BL/10 mice immunized with killed M. tuberculosis H37Ra reacted only against the p15 epitope (Table 1) (Fig. 3) (Fig. 4B) . The 19-kDa protein in M. tuberculosis culture filtrate resolved into at least four distinct protein spots (indicated with arrows in top panel), each of which migrated into the acidic region of the IEF gel. The same isoforms were also recognized by the anti-p1S serum (results not shown). As all isoforms of the M tuberculosis 19-kDa protein migrated to approximately the same molecular weight position, it was not possible to determine conclusively whether particular isoforms were derived from the upper or from the lower band of the doublet (seen in Fig. 3 ). An identical staining pattern was observed with the 19-kDa protein present in the M tuberculosis-soluble extract (results not shown). Analysis of M bovis-BCG extracts on two-dimensional gels revealed the presence of two isoforms of the 19-kDa protein ( with the corresponding spots of M. tuberculosis (Fig. 4B) b Peptide added to culture of 7-day immune lymph node cells. Table 2 ). In contrast, when p61-80-or p64-83-immune T cells were cultured in vitro with the heterologous peptide, the pattern of immune recognition was strongly influenced by the genetic haplotype. Thus, no cross-reactivity was observed with either peptide in the H-2b strain, whereas in H-2d mice, both peptides were reciprocally cross-reactive. Finally, in the H-2k strain, p64-83-immune T cells responded when challenged in vitro with p61-80 but not vice versa. Cross-reactivity of the mycobacterial 19-kDa protein was also analyzed with a T-cell line (H-2b) specific for the recombinant (rGST-19) M. tuber- (Fig. 6) . Although the line responded to both peptides (Fig. 6A ), p61-80 was recognized i103 times more efficiently than p64-83, confirming that T cells specific for p61-80 do not cross-react strongly with p64-83 in the context of the H-2b haplotype. Significantly, this lack of cross-recognition in the H-2b haplotype was also reflected in the response to the intact 19-kDa protein; hence, strong responses to M. tuberculosis and M. bovis extracts were observed while responses to M. avium subsp. intracellulare or M. avium subsp. avium extracts were not more than background (Fig. 6B) .
Recognition of peptide p61-80 (p7) homologs by human T cells. Human T-cell recognition of the homologous peptides p61-80 and p64-83 was analyzed in three groups of donors, represented by PPD-positive healthy individuals (n = 10), PPD-positive tuberculosis patients (n = 14), and PPD-negative healthy individuals (n = 5) (Fig. 7) Antigen (gg/ml) (mean stimulation index [SI] = 10.2) and more frequently (90% responders) to p64-83 than to p61-80 (P = 0.009; mean SI = 4.0; 60% responders). The response of patients with tuberculosis to p64-83 was very similar to that seen in PPDpositive healthy individuals (mean SI = 15.9 and 93% responder status; P = 0.382). Responses to p61-80 were, however, significantly stronger (mean SI = 7.8; P = 0.031) and more frequent (86% responders) in patients with tuberculosis.
DISCUSSION
One of the main aspects examined in this paper concerns the localization of linear epitopes recognized by B cells. Antisera directed against synthetic peptides identified the most immunogenic linear epitope of the M. tuberculosis 19-kDa protein at the carboxy-terminal end of the molecule (p15 residues 140 to 159). This epitope is not, however, recognized by the previously reported MAbs TB-23 and F29-47 (20) . Furthermore, antisera from C57BL/10 (H-2b) and BALB/c (H-2d) mice infected with virulent M. tuberculosis (strain H37Rv), as well as a limited number of human antisera which reacted strongly against the whole 19-kDa antigen, failed to show significant binding to the p15 epitope (results not shown), suggesting that the specificity of antibodies produced following tuberculous infection is strongly biased toward conformational epitopes.
The antibody binding site, shared between peptides p14 (residues 131 to 150) and p15 (residues 140 to 159), probably resides within the sequence 140 to 150, but immunogenicity was restricted to p15, indicating that helper T cells were adequately stimulated by the carboxy-terminal residues of p15, but not by those contained in p14. This finding is surprising in view of our previous demonstration that in C57BL/10 mice (H-2b), both p14 and p15 stimulated primed lymph node T-cell proliferation (21b). These results corroborate with previous findings obtained with hybrid synthetic peptides demonstrating that T-cell help for antibody production was effective only when the adjacent B epitope was linked in the N-terminal position relative to the T epitope (10) .
The strict species specificity of the p15 epitope was unexpected given that the carboxy-terminal region of the 19-kDa protein is highly conserved between M. tuberculosis and MAC and suggests a critical role for the nonconserved serine residues at positions 146 and 151 (Fig. 5) (11, 16, 27 tuberculosis (26) . Blood lymphocytes from human donors possessing a variety of different HLA genotypes responded to both p61-80 and p64-83. Although responses to the M. avium subsp. intracellulare peptide were generally stronger and more frequent in both PPD-positive healthy individuals and tuberculosis patients, both peptides elicited positive responses in more than 50% of the individuals tested. As neither peptide was recognized by PPD-negative individuals, reactivity to the M. avium subsp. intracellulare peptide is probably due to cross-reactive priming by BCG vaccination, either on its own or in combination with natural immunity to environmental mycobacteria.
In conclusion, while neither of the T-cell epitopes analyzed in this report appears to be sufficiently species specific for diagnostic purposes, the strict species specificity of the immunodominant B-cell epitope within peptide p15 for the M. tuberculosis complex may be of further interest for the serological diagnosis of tuberculosis.
